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Summary
During recycling of synaptic vesicles (SVs), the re-
trieval machinery faces the challenge of recapturing
SV proteins in a timely and precise manner. The sig-
nificant dilution factor that would result from equili-
bration of vesicle proteins with the much larger cell
surface would make recapture by diffusional encoun-
ter with the endocytic retrieval machinery unlikely. If
SV proteins exchanged with counterparts residing at
steady state on the cell surface, the dilution problem
would be largely avoided. In this scenario, during elec-
trical activity, endocytosis would be driven by the con-
centration of a pre-existing pool of SVs residing on the
axonal or synaptic surface rather than the heavily
diluted postfusion vesicular pool. Using both live cell
imaging of endogenous synaptotagmin Ia (sytIa) as
well as pHluorin-tagged sytIa and VAMP-2, we show
here that synaptic vesicle proteins interchange with
a large pool on the cell axonal surface whose concen-
tration isw10-fold lower than that in SVs.
Introduction
Synaptic vesicles (SVs) locally recycle within the presyn-
aptic terminal for multiple rounds of neurotransmitter re-
lease (Heuser and Reese, 1973; Ceccarelli et al., 1973).
The traditional view of protein recycling is that following
fusion and merging of vesicles and plasma membrane
bilayers (Zenisek et al., 2002), transmembrane proteins
originally in SVs diffuse onto the axonal surface but are
efficiently recaptured during endocytosis. SVs contain
at least eight known transmembrane proteins with var-
ied relative stoichiometries (Sudhof, 2004; Murthy and
De Camilli, 2003) and would be expected to be diluted
at least 100,000-fold on the axonal surface upon fusion,
potentially making recapture based on diffusional en-
counter with the endocytic machinery unlikely.
One possible solution to this problem would be to pre-
vent diffusion of SV proteins out of the site of fusion, as
is proposed for ‘‘kiss-and-run,’’ where vesicles are
thought to reseal before completely collapsing onto
the plasma membrane (Fesce et al., 1994); however
the precise conditions under which kiss-and-run re-
trieval might occur remain to be elucidated (Ferna´n-
dez-Alfonso and Ryan, 2006) and it does not appear to
predominate during high-frequency action potential
firing (Ferna´ndez-Alfonso and Ryan, 2004). Similarly,
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where endocytosis is likely to occur. However, experi-
ments using GFP-tagged VAMP-2 have shown that syn-
aptic vesicle proteins can diffuse onto axonal surfaces
distant from the site of fusion (Sankaranarayanan and
Ryan, 2000) and that they can even exchange between
boutons (Li and Murthy, 2001), suggesting that no signif-
icant barrier to diffusion exists. It is unclear if this repre-
sents the behavior of endogenous SV proteins and what
impact this has on the potential retrieval mechanisms.
Although it has recently been suggested that synapto-
tagmin Ia (sytIa) resides as clusters on the axonal
surface (Willig et al., 2006), the degree of clustering
was onlyw2-fold, which is unlikely to impose significant
constraints on lateral diffusion or alleviate the large dilu-
tion factor upon exocytosis.
Here, using live cell imaging of endogenous sytIa, we
demonstrate that sytIa diffuses onto axonal surfaces
and exchanges with surface-resident counterparts during
recycling. Combining the use of pHluorin-tagged VAMP-2
and sytIa with immunocytochemistry against these pro-
teins, we estimated that their concentration on the axonal
surface isw10-fold lower than in synaptic vesicles, while
the total surface pool is approximately equal in size to that
in the entire recycling pool of vesicles. Mixing of SV pro-
teins with this surface reservoir is random, and occurs
at both high- and low-frequency stimulation. Our results
demonstrate that the molecular identity of SV is not pre-
served during vesicle recycling and that the large dilution
problem is avoided by maintaining a surface complement
of at least two important synaptic vesicle proteins.
Results
Endogenous Synaptotagmin I Is Present
on the Axonal Surface at Rest, and Is Taken Up
into Vesicles following Exo-Endocytosis
In order to examine the quantitative dynamics of the po-
tential exchange between vesicular and surface pools of
SV proteins during recycling, we have taken three com-
plementary approaches. The first makes use of live cell
imaging of endogenous sytIa by applying Alexa 488-
fluorescently labeled primary antibodies that recognize
the lumenal domain of sytIa (a-Stg-488) to dissociated
neurons in culture in the absence of any driven synaptic
activity. Such staining conditions should allow the pref-
erential visualization of the surface pool of this protein in
live cells, as the lumenal domain would be accessible to
antibody binding if any of the protein resides on the cell
surface. Under these staining conditions, following anti-
body washout, the fluorescence distribution is mostly
uniform along presumed axonal surfaces, with the addi-
tional appearance of modest accumulations at pre-
sumed presynaptic varicosities (Figure 1A). Following
electrical stimulation that recycles the entire releasable
pool (600 action potentials [AP] at 20 Hz, Ryan and
Smith, 1995), the original diffuse distribution becomes
much more punctate (Figure 1B). Subsequent stimula-
tion in the presence of FM 4-64 indicates that these sites
of stimulus-driven sytIa accumulation correspond to
Neuron
180functional presynaptic terminals (Figure 1C). Quantifica-
tion of sytIa signal before and after stimulation at
FM-positive sites indicates an average fold increase in
fluorescence of 1.636 0.13 (n = 4). Measurements of sy-
tIa signals along the diffuse axonal regions decrease to
0.606 0.04 (n = 3). These results indicate that a popula-
tion of sytIa exists on synaptic and axonal surfaces that
redistributes significantly away from axons and toward
nerve terminals during vesicle recycling, consistent
with the idea that part of this surface pool is internalized
and exchanges with what were originally vesicle-
resident sytIa proteins. To further test this hypothesis,
we asked whether additional rounds of labeling of the
cell surface after stimulation lead to additional surface
staining. We used the same antibody but labeled it
with a different fluorophore, Alexa 546 (a-Stg-546).
When applied after labeling with a-Stg-488 (Figure 1D),
but prior to any electrical stimulation, only weak labeling
was achieved (Figure 1E), indicating that the initial
a-Stg-488 labeling saturated the available binding sites.
Figure 1. Live Cell Imaging of Endogenous Synaptotagmin Ia
(A) Alexa 488-labeled primary antibodies against the lumenal do-
main of synaptotagmin Ia (a-Syt-488) were applied to living dissoci-
ate hippocampal neurons in culture. The resulting staining shows
a diffuse distribution along axons and modest accumulation at puta-
tive presynaptic varicosities (arrows), indicating the presence of
a surface pool of sytIa (surface sytIa). Scale bar, 5 mm.
(B) Following action potential firing (600 AP at 20 Hz), the labeled
sytIa distribution becomes much more punctate, suggesting that
this surface pool is recruited to nerve terminals during vesicle
recycling. Scale bar, 5 mm.
(C) Subsequent labeling with FM 4-64 reveals that the punctate
structures correspond to active presynaptic terminals.
(D–G) Endogenous vesicular sytIa exchanges with surface sytIa dur-
ing vesicle recycling. (D) Labeling of surface syt1a using a-Syt-488
leads to a diffuse distribution with occasional puncta as in (A) that
is near saturation as further labeling using Alexa 546-labeled anti-
sytIa (a-Syt-546) gave only a weak signal (E). Action potential firing
leads to a redistribution of the Alexa 488-prelabeled surface sytIa
(F) (arrows indicate notable increases in puncta fluorescence), and
a second round of a-Syt-546 application shows robust axon and
synaptic labeling, indicating that new epitopes of sytIa have
appeared on the cell surface following stimulation.In contrast, when an additional round of a-Stg-546 label-
ing was applied after stimulation, which led to clustering
of the original surface labeling as in Figure 1B (Figure 1F),
the staining was much greater (Figure 1G, ‘‘3rd label-
ing’’). On average the increase in surface labeling
achieved in the third round after stimulation compared
to the second round prior to stimulation was 2.5- 6
0.22-fold (n = 3). We attribute this large increase in label-
ing to the appearance of copies of sytIa that were origi-
nally resident in SVs, but became resident on the surface
following SV recycling. Taken together these experi-
ments strongly suggest that endogenous sytIa in SV ex-
changes with surface sytIa during recycling.
A second approach was to make use of secondary
immunofluorescence detection of endogenous sytIa,
taking advantage of the fact that a judicious choice of
labeling, fixation, permeabilization, and stimulation con-
ditions could be used to determine how much sytIa is on
the surface compared to the recycling vesicle pool and
how much interchange between these pools takes place
during vesicle turnover. Application of anti-sytIa anti-
bodies to live cells followed by fixation leads to the ap-
pearance of a surface distribution (Figure 2Ai) similar
to that seen in live cells (Figure 1A), which in this case
is detected using fluorescently labeled secondary anti-
bodies (2ry) applied after fixation. We verified that the
primary antibody concentration used led to near satura-
tion of available binding sites (Figure 2C). This saturable
staining, as well as the absence of any significant signal
when only 2ry antibodies were applied (Figure 2Aiii) or
when a primary antibody against the cytoplasmic tail
was used (Figure 2D), provides good evidence that the
staining is specific in nature. As with live cell imaging,
in addition to a diffuse fluorescence we also detected
fluorescence puncta which we interpret as arising from
sytIa on the surface of presynaptic boutons. We re-
stricted further quantitative analysis to these regions.
To determine the amount of surface staining compared
to that in all recycling vesicles within boutons, we com-
pared the amount of staining obtained when applied to
nerve terminals at rest (as in Figure 2Ai) with that
obtained when the primary antibody is present during
intense electrical stimulation (Figure 2Bi) such that the
recycling pool of sytIa, which we refer to as the total
recycling pool (TRP), was labeled to near saturation (Fig-
ure 2C). The relative amount of surface versus vesicular
labeling in the stimulated cells can be determined in two
ways. 2ry antibodies applied prior to permeabilization
result in 23% 6 7% of the labeling obtained when ap-
plied after permeabilization. Application of unlabeled
2ry antibody prior to permeabilization can be used to
block all surface epitopes (Figure 2Aii). Comparison of
staining with and without surface blockade indicates
that the surface sytIa staining comprises 34% 6 6% of
that in the TRP. Taken together, these two estimates
of the relative amount of sytIa on the surface compared
to the vesicular pool indicates that it is w30%. Since
only approximately half of all vesicles in the terminals
participate in recycling (Li et al., 2005; Poskanzer and
Davis, 2004; our unpublished data), this suggests that
the surface fraction of sytIa accounts forw15% of total
sytIa at synapses, in good agreement with previous
estimates obtained using VAMP-2 fused to pHluorin
(Sankaranarayanan et al., 2000).
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(A) SytIa labeling on the axonal surface was done with a primary Ab against its lumenal face (1ry a-sytIa). Then neurons were fixed (nonpermea-
bilized) and visualized with secondary Ab conjugated to fluorescent Alexa 488 (2ry STAIN) (Ai). This surface staining can be blocked by previous
incubation with the identical but unconjugated to Alexa 488 secondary Ab (2ry BLOCK) (Aii). Minimal background signal due to nonspecific stain-
ing shows that the 2ry Ab is indeed detecting 1ry a-sytIa (Aiii). Quantification of bouton intensity shows that 15%6 2% of the surface signal re-
mains after blockade, while nonspecific staining represents 4%6 1% (n = 3 and 2 experiments, respectively, each being the average of 80 to 120
boutons coming from >4 cells in a single dish and normalized to the surface fluorescence in a parallel dish) (bar graph).
(B) Internalization of sytIa present on the surface. During anw8 min incubation in 1ry a-sytIa, cells were stimulated with 720AP at 30Hz to fuse all
cycling vesicles (AP FIRING), then washed out forw8 min and sequentially fixed (FIX), incubated with 2ry BLOCK, permeabilized (PERM), and
incubated with 2ry STAIN. This led to detection of sytIa in the releasable pool (Bii). Variations of this protocol (shown above images) were as
follows. Omitting the 2ry block stained sytIa in the total recycling pool (Bi). Washing out the 1ry Ab prior to AP firing stained sytIa on the surface
that was internalized during post-stimulus endocytosis (Biii). Omitting AP firing stained sytIa on the surface that was internalized at rest, likely
due to spontaneous events (Biv). The signal coming from staining of sytIa in the RP, sytIa on surface internalized after stimulation, and internal-
ized at rest was 66%6 6% (n = 5), 38%6 4% (n = 5), and 14%6 2% (n = 5) of that in the TRP, respectively (bar graph). Surface signal, measured
as in (A), was 23% 6 7% of TRP (n = 3, white bar overlaid in [Bi]).
(C) Anti-sytIa antibodies display saturable binding for both resting and stimulated synapses. At the Ab concentration used in all other experi-
ments (1/50), the epitopes are saturated. The fluorescence of 2ry staining is normalized to the value obtained at 1/50. Surface staining was
done as in Figure 2Ai while TRP was done as in Figure 2Bi. Both surface and TRP staining reach saturation at the same concentration of 1ry
Ab, indicating that the same epitope is being recognized.
(D) Detection of a surface pool of sytIa is exclusively achieved with antibodies against its luminal tail. If cells are fixed but not permeabilized, 23%
6 1% of sytIa is detected as compared with fixing and permeabilizing, in which the monoclonal antibody against the luminal domain is used
(a LUM tail). In contrast, 0% is detected when a monoclonal against the cytoplasmic domain is used (a CYT tail) (n = 2–3 experiments for
each condition).
Scale bars, 2 mm. Error bars = SE.We then determined the extent to which sytIa in synap-
tic vesicles could interchange with sytIa on the surface
during exo-endocytosis. First, we asked what fractionof sytIa residing on the surface that is labeled with
anti-sytIa antibodies becomes protected from staining
2ry antibody due to activity-dependent internalization.
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where the surface is labeled in resting neurons (as in
Figure 2Ai) with ones that have been labeled with primary
antibody, stimulated to achieve maximal vesicle cycling,
and only with labeled 2ry antibody after endocytosis has
potentially internalized some of the primary antibody
(without permeabilization) indicates that 48% 6 5%
(n = 3) of the surface sytIa is internalized during extensive
vesicle cycling. Second, following labeling of surface sy-
tIa and antibody washout, synapses were stimulated to
achieve maximal vesicle pool turnover and fixed. Any re-
maining surface antibodies were blocked by addition of
blocking 2ry antibodies prior to permeabilization. Prob-
ing with staining 2ry antibody at this point reflects the to-
tal amount of surface label that has become protected
from antibody block by activity-induced internalization
(Figure 2Biii). This was compared to the amount of label-
ing achieved by leaving the anti-sytIa antibody present
during the stimulus, and then blocking the surface prior
to permeabilization to obtain a measure of the releasable
pool (RP) (Figure 2Bii). 57% of sytIa in the RP is replaced
by surface sytIa (ratio of iii/ii in bar graph). Under resting
conditions, 21% of the RP appears to be replaced (iv/ii),
likely due to spontaneous events occurring during the in-
cubation with primary antibody (Sara et al., 2005). Taken
together, these results indicate that there is a pool of
endogenous sytIa residing on the axonal and synaptic
surface, accounting forw30% of the TRP at presynaptic
boutons, which is taken up into vesicles following exo-
endocytosis.
Our third approach was to use synapto-pHluorin
(spH), a pH-sensitive form of GFP (pKa w7.1) fused to
the lumenal domain of VAMP-2, to better quantify the
size of the axonal and vesicle pools of SV proteins and
to study the dynamics and conditions under which
they would mix. SpH fluorescence is quenched when ex-
posed to the SV lumen pH (w5.5), but undergoes an
w20-fold increase following fusion and exposure to
the extracellular pH. In a resting bouton, a large fraction
of the signal arises from a portion of spH residing on the
synaptic surface (Sankaranarayanan and Ryan, 2000).
Although it is possible that overexpression of VAMP-2
might lead to abnormal surface accumulation of spH,
we have performed calibrations based on fluorescence
intensity and estimated the number of spH molecules
per vesicle to be at most two (see Figure S1 in the
Supplemental Data). To determine if this resting surface
distribution was the VAMP-2 equivalent of the dynamic
reservoir of endogenous sytIa described above, we pho-
tobleached the surface pool of spH of an entire neuron
(see Experimental Procedures) and tested whether it
would mix with nonbleached spH (in SVs) after exo-
endocytosis of all recycling vesicles. Figure 3A shows
spH fluorescence arising from bouton and interbouton
areas of a single neuron. The initial fluorescence in the
interbouton area arises almost exclusively from surface
spH while that in the bouton area (F0) arises from the sur-
face with a small contribution from the intracellular SV
pool. Depletion of the releasable pool onto the surface
(driven by firing 720 APs at 30 Hz) causes an increase
in fluorescence (DF1) measured at boutons that reflects
the size of the RP (this signal is reproducible in succes-
sive control stimulus rounds; Ferna´ndez-Alfonso and
Ryan, 2004). A simultaneous interbouton signal increaseindicates axonal spreading of spH. Analysis of the dis-
tribution of endogenous VAMP-2 in bouton and inter-
bouton areas in stimulated versus nonstimulated cells
shows that endogenous VAMP-2 also redistributes
during stimulation (Figure S2). Following the stimulus,
the fluorescence returns to F0 after synaptic vesicle
endocytosis, indicating that the size of the surface
pool remains unaltered after a round of vesicle cycling.
Photobleaching of surface spH is reflected in the magni-
tude of the change in the resting fluorescence (F0– F0bl).
The degree to which surface and internal pools of spH
intermix during recycling of SVs can be determined by
measuring the resting fluorescence value (F0bl*) follow-
ing additional AP firing. If internal and surface spH do
not intermix during vesicle recycling then fluorescence
levels should return to (F0bl) after additional stimulation.
In contrast, we found that F0bl rises significantly after an
additional round of stimulation to the new level (F0bl*)
(Figure 3A, middle panel) that corresponds to a surface
replacement of 44%6 7% (n = 9 neurons). This calcula-
tion assumes that only surface spH was bleached and
represents a slight underestimate of the degree of re-
placement (see Experimental Procedures). Thus a signif-
icant fraction of spH previously in vesicles now resides
on the surface. This level of stimulation appears to equil-
ibrate the two pools, as both the magnitude of the sub-
sequent activity induced fluorescence change (DF2) and
the new resting levels achieved after stimulation (F0bl*)
remain unchanged through two additional rounds of
stimulation (Figure 3A, right panel). The replacement of
bleached spH with unbleached spH is also evident in
the interbouton region (Figure 3A, lower traces). We
estimated the degree of fluorescence replacement of
unbleached spH in vesicles by bleached spH in the RP
during extensive vesicle recycling. Comparison of the
size of the AP-induced fluorescence increase before
and after bleaching and re-equilibration (i.e., DF1 and
DF2 in Figure 3A) indicates that 52% 6 6% (n = 5)
of spH in vesicles is replaced by that on surface after
exo-endocytosis of the RP. Similar results were found
using pHluoro-tagmin, a construct consisting of
synaptotagmin fused to pHluorin in its lumenal domain
(Figure S3). Following bleaching of the surface pool
and exocytosis of the unbleached pool of spH, the
kinetics of endocytosis should also reflect mixing of
bleached and unbleached spH. If bleached and un-
bleached molecules are endocytosed at equal rates
then the net rate of unbleached spH endocytosis
(and hence the fluorescence decay rate) will decrease
in proportion to the amount of mixing of these pools.
Measurements of the kinetics of fluorescence decay
indicate that the effective rate of spH endocytosis is
reduced w2-fold immediately following bleaching, but
is restored once the pools have equilibrated (see Table
S1 in the Supplemental Data).
Taken together, these experiments demonstrate that
spH in vesicles replaces w50% of spH on the plasma
membrane when the entire releasable pool turns over.
Conversely, spH on surface replacesw50% of that in re-
cycling vesicles under the same conditions. Thus, sur-
face- and vesicle-resident pools of recycling spH are
comparable in size, and they randomly mix after deple-
tion of SVs onto the surface, such that the probability
of endocytosis of any given spH is at most 0.5.
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Residing spH Mix with Their Counterparts
Residing on the Surface, which Are Used to
Reform Vesicles during Subsequent Endo-
cytosis
(A) Bleaching experiment to estimate mixing
of vesicular and surface spH content. A
spH-transfected neuron was stimulated to
turn over the entire recycling pool (720 AP at
30 Hz, uppermost gray boxes) in four consec-
utive rounds (the fourth is shown in gray and
overlaid to the third). The average fluores-
cence of 32 boutons (upper trace) and inter-
bouton space (lower trace) is plotted as
a function of time. The initial fluorescence
(F0) reflects spH on the plasma membrane
at rest. DF1 reflects spH in vesicles depleted
onto the plasma membrane in response to
stimulation. The arrow indicates bleaching
of surface spH, leading to a fluorescence de-
crease from F0 to F0bl. The fluorescence after
exo-endocytosis due to stimulation after
bleaching reflects nonbleached spH on the
surface (F0bl*). Approximately half of
bleached spH on surface was replaced with
nonbleached spH coming from vesicles
([F0bl* 2 F0bl]/[F0 2 F0bl]). Note that if no mix-
ing had occurred, F0bl* would be equal to F0bl.
The interbouton fluorescence increase re-
flects the extent of replenishment of its sur-
face when spH disperses away from boutons.
Similar fluorescence changes during the third
and fourth stimuli indicate that bleached and
nonbleached spH have randomly mixed and
reached equilibrium in their distribution in
vesicles and surface. DF2 reflects
nonbleached spH depleted on the surface in
response to stimulation. Approximately half
of spH in vesicles was replaced with
bleached spH coming from surface (1 2
[DF2/DF1]). Images of two representative
boutons are shown below the plots for differ-
ent time points, with their corresponding car-
toons illustrating fluorescent (green),
quenched (blue), and bleached (black) spH.
(B)w20% of spH on surface is replaced with
that in vesicles after firing 120 AP at 10 Hz. Af-
ter an initial round of stimulation, spH on sur-
face was bleached (arrow) and stimulated in
a second round. A third stimulus with 720
AP at 30 Hz turns over all recycling vesicles
and equilibrates bleached and nonbleached
spH in surface and vesicles.
(C) Synapto-pHluorin in vesicles and plasma
membrane mix with each other even when
net surface accumulation is prevented.
w10% of spH on surface is replaced after
120 AP delivered at 1 Hz. Note the lack of increase in the initial fluorescence before bleaching (F0) when the stimulation frequency is 1 Hz (com-
pare to 10 Hz in [B]), indicating that there is no accumulation of spH on the plasma membrane. Still, spH dispersion onto the axon, mixing, and
replacement takes place, as reflected in the fluorescence increase during the stimulus following bleaching (F0bl*).
Error bars = SE.Surface and Vesicles Randomly Interchange
Their Proteins even during Partial Vesicle Release
and at Low-Frequency Stimulation
We next performed experiments to determine the extent
of interchange between surface and vesicular pools of
spH with shorter AP trains and at lower frequencies.
120 AP stimuli at 10 Hz led to a surface spH replacement
of 23% 6 4% (n = 3) (Figure 3B). Lowering the stimulus
frequency to 1 Hz (120 AP), where normally little net
accumulation of spH is observable (Ferna´ndez-Alfonsoand Ryan, 2004; Figure 3C, left panel) resulted in
12%6 4% (n = 7) replacement (Figure 3C) and is accom-
panied by clear axonal dispersion (Figure 3C, middle
lower panel). Comparisons of the degree of replacement
with the fraction of the RP fusing with the membrane for
various stimulus lengths and frequencies used (esti-
mated using alkaline trapping, see Experimental Proce-
dures) indicate a linear relationship that extrapolates to
the origin on the graph with a slope of 0.5 (Figure 4A).
These data support a model that upon fusion with the
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Increases Linearly with the Amount of Vesi-
cles Turned Over and Is Independent of the
Frequency of Stimulation
(A) Surface replacement is plotted as a func-
tion of the fraction of the RP fused and is fit
with a linear slope of 0.51 (R = 0.99) (n = be-
tween 3 and 12 for each condition). These
data indicate that, for stimuli that lead to fu-
sion of at least 25% of the RP, mixing of newly
exocytosed pool with the prior surface pool is
random.
(B) Cartoon summarizing the distribution of
recycling synaptotagmin and VAMP-2 be-
tween surface and vesicles. An additional internal nonrecycling pool of these proteins (size equal tow70% of the TRP) is not depicted. The cal-
culation of the relative concentration per unit area of surface versus vesicular protein assumes that there are 50 recycling vesicles per bouton,
and that the axon and bouton diameters are 0.2 mm and 0.6 mm, respectively.
Error bars = SE.plasma membrane, spH mixes into a pool equal in size to
the entire RP, and that endocytosis draws randomly
from this mixed pool over a wide range of stimulus
conditions.
Discussion
We used VAMP-2 and sytIa as model SV proteins to show
that during endocytosis, synaptic vesicles reform their
complement of transmembrane proteins by making use
of a large axonal and synaptic surface reservoir of these
proteins. Analysis of all our data leads to the following
conclusions regarding the distribution of sytIa in the
TRP: 50% of this protein is found in recycling vesicles,
20% in the surface of boutons, and 30% in the surface
of interbouton regions (Figure 4B). From simple geomet-
rical considerations, assuming that the diameter of the
bouton and the axons are 0.2 mm and 0.6 mm, respec-
tively, and the interbouton length isw3 mm, and that on
average there are 50 vesicles recycling per bouton
(each with a diameter of 40 nm), our results would predict
that VAMP-2 and sytIa are approximately ten times more
concentrated in vesicles compared to the surface. Since
there is no barrier to lateral diffusion of SV proteins fol-
lowing fusion (at least for the stimuli used here, Figures
1 and 3 and Figure S2; Sankaranarayanan and Ryan,
2000; Sankaranarayanan et al., 2000; Li and Murthy,
2001), a large reservoir alleviates the challenge of recov-
ering SV proteins following fusion by reducing the dilu-
tion factor on the axonal surface fromw105 tow10.
Although the original qualitative studies using anti-
sytIa labeling of SV recycling failed to detect a surface
pool of sytIa (Matteoli et al., 1992), recent quantitative
analyses documented the presence of such a surface
pool (Willig et al., 2006), in agreement with our studies.
In addition, ultrastructural experiments have described
the presence of several synaptic proteins (including
VAMP-2 and sytIa) on the surface of resting synapses
(Taubenblatt et al., 1999; Morel et al., 2003). The study
by Willig et al. (2006) indicated that sytIa exists in clus-
ters on the plasma membrane and vesicles, and it was
concluded that the protein is not likely to disperse
onto the axonal surface during recycling. However, it is
important to note that (1) their data suggest a very small
degree of clustering (w1–3 sytIa), which is unlikely to im-
pede diffusional exchange during recycling, and (2) they
used secondary immunodetection of sytIa which itselfcould lead to clustering of the protein, especially as
the concentration of primary antibody was not shown
to be saturating the sytIa binding sites. Thus we do not
think their data is fundamentally incompatible with our
results, but it would imply that the difference in concen-
tration between the surface and vesicles would be
slightly lower than estimated above.
Although pHluorin-tagged proteins provide a wealth
of real-time, quantitative dynamic information, it is un-
clear to what extent either the addition of the GFP moi-
ety or the ensuing overexpression perturbs the normal
dynamics and cellular distribution of the target (Pennuto
et al., 2003). Several observations indicate that we are
not disrupting the distribution of spH between surface
and vesicles in our experiments. First, a surface pool
of endogenous sytIa equal in size to that measured
with spH was detected using live and fixed cell imaging
approaches (Figures 1 and 2). Although this approach
made use of bivalent antibodies that may result in
dimerization of sytIa, this was likely avoided as we
worked under saturating binding conditions (Figure 2C),
and thus, each epitope would be expected to be occu-
pied by a different antibody. Second, our data are con-
sistent with other reports of surface-residing SV pro-
teins (see above). Third, we previously showed that the
surface fraction is independent of the amount of spH
expression (Sankaranarayanan et al., 2000). Fourth,
spH is only expressed in trace amounts compared to en-
dogenous VAMP-2 (Figure S1). These observations
strongly support the notion that the dynamic behavior
of spH reflects that of endogenous VAMP-2.
Our photobleaching experiments allowed us to mea-
sure spH dispersion along the surface of axons following
fusion even at stimulation frequencies low enough (1 Hz)
to prevent significant accumulation of the probe onto
the axonal surface (Figure 3). Our data are difficult to
reconcile, however, with recent results that implied
that no mixing occurred between surface and vesicle
pools of spH during recycling (Gandhi and Stevens,
2003). Two possible explanations for this discrepancy
come to mind. First, the fast disappearance of spH sig-
nal following fusion in some events in the Gandhi and
Stevens work could have resulted not from endocytosis
and reacidification, but from lateral diffusion of the pro-
tein away from the synaptic bouton. Second, it is possi-
ble that mixing was avoided under the very low-
frequency conditions used in that work (w0.05 Hz).
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surface replacement was roughly constant for a variety
of stimulus conditions (range of 1 to 30 Hz) leading to fu-
sion of different fractions of the RP (Figures 3 and 4).
Thus, our data support a model in which once a vesicle
fuses, its membrane proteins mix and integrate with the
surface pool, and subsequent retrieval replenishes its
complement from proteins in this integrated pool, re-
gardless of their original residence.
The existence of a reservoir of SV proteins on the sur-
face suggests that endocytosis of SVs could in principle
be uncoupled from exocytosis, as shown by Neale et al.
(1999), suggesting that a signal other than the appear-
ance of SV proteins, perhaps changes in intracellular
calcium, might also trigger endocytosis.
At present it is unknown whether other SV proteins
make use of a surface reservoir from which vesicles re-
form during recycling, although a range of proteins ap-
pear to be present on the surface at rest (Taubenblatt
et al., 1999; Morel et al., 2003). Interestingly, while the
proton pump distribution appears to be similar to that
of VAMP-2, synaptophysin and SV2 distribution is
somewhat skewed toward vesicles more than surface
(Taubenblatt et al., 1999; Morel et al., 2003). In addition,
syntaxin (a t-SNARE protein involved in SV fusion that
resides on the surface exclusively) is excluded from re-
cycling through SVs (Mitchell and Ryan, 2004). How
these proteins are sorted to retrieval zones remains to
be elucidated.
Experimental Procedures
Cell Culture and Experimental Conditions
Hippocampal CA3-CA1 regions were dissected from 1–3 day old
Sprague Dawley rats, dissociated, and plated onto poly-ornithine-
coated glass for 14–20 days as previously described (Ryan and
Smith, 1995). SpH and pHluoro-tagmin were transfected 6–8 days
after plating as previously described (Ferna´ndez-Alfonso and
Ryan, 2004). Experiments were performed 14–21 days after plating
(8–14 days after transfection), and the coverslips were mounted in
a rapid-switching, laminar-flow perfusion and stimulation chamber
(volumew75 ml) on the stage of a custom-built laser scanning con-
focal microscope (LSCM). Action potentials were evoked by passing
1 ms current pulses, yielding fields ofw10 V/cm via platinum-iridium
electrodes. Cells were continuously perfused (1–1.5 ml/min,w25ºC)
in a saline solution containing (in mM) 119 NaCl, 2.5 KCl, 2 CaCl2,
2 MgCl2, 25 HEPES (buffered to pH 7.4), 30 glucose, 10 mM 6-cyano-
7-nitroquinoxaline-2,3-dione (CNQX; Research Biochemicals, Na-
tick, MA), and 50 mM D,L-2-amino-5-phosphonovaleric acid (AP5;
Research Biochemicals). When lower [CaCl2] was used, [MgCl2]
was increased to keep divalent constant. Bafilomycin A1 (Baf, Cal-
Biochem, USA) was used at 0.5 mM for alkaline trapping experi-
ments. Unless otherwise noted, all chemicals were obtained from
Sigma (St. Louis, MO).
Live Cell Imaging of sytIa
Subclass-specific Fab fragments directly coupled to Alexa 488 or
Alexa 546 were used to label the monoclonal antibody against the
lumenal epitope of sytIa (Synaptic Systems, SS, clone 604.4) follow-
ing the Zenon-labeling approach according to the manufacture’s
instructions (Invitrogen). Application and washout of antibody
(diluted at 1/50) was done for 5 min in 0.4 mM [CaCl2] prior to image
acquisition. Images were acquired once per 2 min prior to stimula-
tion. The poststimulus images were acquired 5 min after stimulation
to allow completion of endocytosis. For two color experiments, the
same protocol was used with the addition of a second labeling step
in the second color for 5 min, followed by an additional 5 min wash
prior to electrical stimulation. The third round of labeling in the sec-
ond color was then carried out 10 min after stimulation.Immunocytochemistry
Synaptotagmin Detection
Neuronal cultures were incubated with a monoclonal antibody
against the lumenal epitope of sytIa (clone 604.1, SS, Germany) di-
luted at 1/50 in regular saline (except in Figure 2Biv where Ca2 was
replaced with Mg2) for 5–8 min (incubating for 2 min or 10 min
gave similar values) to label sytIa on the surface (except in Figures
2Bi and 2Bii, where the TRP was labeled by stimulating 4 min into
the incubation with 720 AP at 30 Hz), washed with constant perfu-
sion for 5 min in regular saline, stimulated with 720 AP at 30 Hz
(except in Figures 2Ai–2Aiii and Figure 2Biv, where all stimulations
where omitted), washed for 5 more minutes, fixed (4% paraformal-
dehyde in PBS with 4% sucrose for 20 min), washed for 15 min in
PBS, incubated for 20 min with 10% BSA in PBS, and subjected to
the following steps before imaging (washes are 5 3 3 min in PBS,
2ry Abs diluted in 1%BSA in PBS): (1) incubation with 2ry Ab conju-
gated to Alexa 546 (referred to as blocking 2ry in the Results section)
at 1/50 for 2 hr and washed; (2) permeabilization with 0.1% Triton (in
fixing solution) for 10 min, washed, and incubated with 10% BSA for
20 min; (3) stained with 2ry Ab conjugated to Alexa 488 (referred to as
2ry staining in the Results) at 1/200 for 2 hr and washed. Some of
these steps were omitted as indicated in Figure 2. The monoclonal
antibody against the cytoplasmic tail of sytIa was from also from
SS (clone 41.1). 2ry Abs were goat anti-mouse and established by
the provider (Molecular Probes, USA) to be from the same batch
(also compare Figure 2Ai versus Figure 2Aii) but differentially conju-
gated to Alexa 546 or 488.
Optical Measurements, Microscopy, and Analysis
Images were acquired using a custom-built LSCM through a 40x 1.3
numerical aperture Zeiss Fluar objective (Oberkochen, Germany).
Specimens were illuminated with w1.5–10 mW of the 488 nm line
of an argon ion laser that was rapidly shuttered during all non-
data-acquiring periods using acousto-optic or electro-optic modu-
lation. For spH and pHluoro-tagmin experiments, the combination
of laser intensity and photomultiplier (PMT) gain that maintains sig-
nals within the linear detection range was used (thus, the variation in
scales in different experiments is arbitrary and does not necessarily
reflect the level of probe expression of that particular cell). SpH and
Alexa 488 fluorescence emission were collected using a 495–527 nm
band pass filter. Analysis of sytIa in live cells (Figure 1) was per-
formed on areas that showed FM uptake during subsequent stimu-
lation and had a sytIa signal that was distinguishable from back-
ground (defined as a mean intensity that was greater than 3
standard deviations above the average background signal). For ax-
onal fluorescence measurements, 12–16 4 3 4 pixel areas (w0.4 3
0.4 mm2) along interbouton space were chosen for 4–6 axonal seg-
ments in each experiment. Quantification of the increase in Alexa
546 staining after stimulation was measured by measuring the aver-
age fluorescence intensity over a large area (200 3 200 pixels),
corrected for background. Except for the experiments presented
in Figure 2, quantitative measurements of fluorescence intensity at
individual boutons were obtained by averaging 4 3 4 area pixels
(0.4 3 0.4 mm2) corresponding to the center of individual puncta
selected by hand; selection was based on a clear response to stim-
ulation at 20 Hz (10–20 s) in a pretrial round. The same quantitative
measurements were applied to the axonal surface, except that the
0.4 3 0.4 mm2 boxes spanned axonal areas in between individual
boutons (Figures 3A and 3C). Only cells that presented a consistent
response to additional rounds of stimulation after bleaching (as
shown in rightmost panels of Figures 3 and 4) were included in the
analysis. For sytIa quantification, two to three areas (70 3 50 mm2
each) per culture dish were chosen for analysis based on the pres-
ence of sharp axonal branches as seen in DIC images after fixing
and immunostaining; then, an experimenter blind to the immuno-
labeling protocol selected the 40 brightest puncta of each area as
seen in fluorescent images. To estimate what fraction of the RP
was released with 120 APs, cells were stimulated in the presence
of Baf (alkaline trapping, Sankaranarayanan and Ryan, 2001; Fer-
na´ndez-Alfonso and Ryan, 2004; Li et al., 2005) with 120 APs (at
either 1 Hz or 10 Hz), followed by 900 APs at 30 Hz. By the end of
the stimulus period, fluorescence levels had reached a steady state
reflecting the size of the RP. The increase during the 120 APs was
Neuron
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period. Errors shown are standard errors of the mean.
Photobleaching
Wide field illumination for 5–7 min with a mercury lamp (450–490 nm
band pass filter) was used to photobleach the axonal surface of spH
(or pHluoro-tagmin). Theoretically, for a vesicle lumen pH of 5.5 and
a probe pK of 7.1, spH on the surface will bleach w25 times faster
than in the vesicle. Using NH4Cl applications (Sankaranarayanan
et al., 2000) before and after bleaching, we determined both the total
amount of bleaching and the change in surface fractions. Over six
experiments, the average surface fraction before bleaching, right
after bleaching, and after a subsequent stimulus was 17%, 4%,
and 14%, respectively. In the same experiments, the total internal
vesicular pool was bleached byw15%, somewhat more than would
be expected from the predicted difference in pH between the vesic-
ular and surface pools of spH. This excess bleaching of the internal
pool could arise from either spontaneous recycling of spH during the
bleaching period and/or from a resting vesicular pH slightly higher
than 5.5. The small amount of bleaching of the internal pool implies
that we have modestly underestimated the degree of surface
replacement during exo-endocytic recycling.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/51/2/179/DC1/.
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